Anaplastic thyroid carcinoma is a highly aggressive neoplasm. Affected patients typically present with advanced disease where there is little hope for cure using conventional therapeutic modalities. Understanding the genetic alterations underlying the development of anaplastic thyroid carcinoma, such as mutational activation of BRAF, could help clarify its relationship with well-differentiated forms of thyroid carcinoma (ie follicular and papillary carcinoma) and could help select patients most likely to benefit from novel therapeutic strategies targeting BRAF. We tested 16 anaplastic thyroid carcinomas for the thymine (T)-adenine (A) missense mutation at nucleotide 1796 in the BRAF gene using a newly developed assay that employs a novel primer extension method (Mutector s assay). Seven of these anaplastic thyroid carcinomas arose in association with a well-differentiated thyroid carcinoma, and these were also evaluated. The 1796T-A mutation was detected in eight (50%) of the anaplastic thyroid carcinomas, in four of five (80%) associated papillary thyroid carcinomas, and in zero of two (0%) associated follicular carcinomas. In all seven cases where anaplastic thyroid carcinoma arose in association with a well-differentiated thyroid carcinoma, BRAF status in the two components was concordant. Like papillary thyroid carcinoma, a significant percentage of anaplastic thyroid carcinomas also harbor BRAF mutations. Indeed, when papillary thyroid carcinoma and anaplastic thyroid carcinoma occur together, they consistently share the same BRAF profile, supporting the notion that many anaplastic thyroid carcinomas actually represent progressive malignant degeneration of a pre-existing welldifferentiated thyroid carcinoma. The high frequency of BRAF mutations in a tumor that is generally regarded as uniformly fatal justifies evaluation of the potential benefits of anti-BRAF therapy for patients with anaplastic thyroid carcinoma.
It has long been suspected that anaplastic thyroid carcinoma embodies an ultimate and conclusive stage in thyroid tumorigenesis, and that a welldifferentiated thyroid carcinoma (ie papillary and follicular carcinoma) serves as an antecedent and requisite step in that progression. 1 Yet, despite the presumed close relationship between well-differentiated thyroid carcinoma and its anaplastic counterpart, the contrast between the two is striking. Clinically, anaplastic thyroid carcinoma is a highly aggressive and rapidly fatal. For most patients, complete surgical resection is not possible, and radiation and chemotherapy is not effective.
2 At the microscopic and immunohistochemical level, anaplastic thyroid carcinoma shows no evidence of thyroid follicular differentiation and, in many instances, little if any evidence of epithelial differentiation. In these undifferentiated tumors, distinction from a sarcoma is difficult if not impossible using conventional histologic and immunohistochemical techniques. 3, 4 At the genetic level, anaplastic thyroid carcinoma demonstrates advanced genetic alterations. Compared to well-differentiated carcinomas, anaplastic thyroid carcinomas are more likely to be aneuploid, 5 they demonstrate a much higher prevalence of loss of heterozygosity, 1, 6 and they harbor alterations of key regulators of cell growth and differentiation that are not targeted in earlier stages of tumorigenesis. 7, 8 As one example, mutations of p53 are commonly noted in anaplastic thyroid carcinomas, but they are rarely present in well-differentiated thyroid carcinomas. [9] [10] [11] [12] BRAF encodes a serine-threonine kinase that acts in the mitogen activated protein kinase (MAPK) pathway. 13 Activating BRAF mutations induce constitutive activation of the signal transduction pathway, providing a potent promitogenic force that drives malignant transformation. 14, 15 Activating mutations of the BRAF oncogene is the most common genetic alteration in well-differentiated thyroid carcinoma, but this alteration is highly tumor-type specific. BRAF mutations are identified in the majority of conventional papillary thyroid carcinomas, but they are uniformly absent in follicular carcinomas. [16] [17] [18] [19] [20] Studies addressing the frequency of BRAF mutations in undifferentiated thyroid carcinomas are much more limited. In one recent study addressing the frequency of BRAF mutations across all grades of thyroid carcinoma, only 10% of anaplastic thyroid carcinomas harbored BRAF mutations. 21 In the present study, we evaluated anaplastic thyroid carcinomas and, when present, associated well-differentiated thyroid carcinomas for the presence of BRAF mutations. Uncovering of a frequent target of mutational activation in this highly aggressive form of thyroid carcinoma could (1) clarify the relationship between well-differentiated and de-differentiated forms of thyroid carcinoma, (2) help distinguish anaplastic thyroid carcinoma from other types of poorly differentiated neoplasms, and (3) potentially identify a target for novel therapies directed against pathways of deregulated cell growth.
Patients and methods

Sample Selection and DNA Isolation
In all, 16 patients with anaplastic thyroid carcinoma were identified from a search of the archival surgical pathology files of The Johns Hopkins Hospital between 1985 and 2003. After initial patient identification, all original histologic slides were reviewed by one of us (WHW) to confirm the diagnosis, and an appropriate block was retrieved for DNA extraction. The paraffin blocks were sectioned, and tissues sections were microdissected to obtain greater than 80% neoplastic cells. When the slides showed an anaplastic thyroid carcinoma arising in association with a well-differentiated thyroid carcinoma, the anaplastic and well-differentiated components were separately collected and analyzed. DNA was extracted using standard protocols as previously published. 22 
Detection of BRAF Mutations
All tumor samples and controls were analyzed for the thymine (T)-adenine (A) missense mutation at nucleotide 1796 in the BRAF gene. This hot spot was chosen because the reported BRAF-activating mutations in thyroid carcinomas occur almost exclusively at this position. 18, 21, 23 Polymerase chain reaction (PCR) primer sequences were designed to amplify a 102 bp fragment of exon 15 (5 0 -GAA GAC CTC ACA GTA AAA ATA GGT GA-3 0 , and 5 0 -CCA CAA AAT GGA TCC AGA CA-3 0 ). PCR amplification was performed using 100 ng of tumor sample DNA as template. The PCR reactions were carried out in a 96-well thermocycler. Cycling conditions were as follows: a denaturation step at 951C for 5 min was followed by two cycles of denaturation at 951C for 1 min, annealing at 601C for 1 min, primer extension at 721C for 1 min, two cycles of denaturation at 951C for 1 min, annealing at 581C for 1 min, primer extension at 721C for 1 min, 35 cycles of denaturation at 951C for 1 min, annealing at 561C for 1 min, primer extension at 721C for 1 min, and one final extension at 721C for 5 min. Amplified fragments were separated on an agarose gel and visualized by ethidium bromide staining.
Analysis of the PCR products for a BRAF mutation at nucleotide position 1796 was performed using the Mutector s assay (TrimGen, Sparks, MD, USA). The Mutector s assay is designed for the detection of any type of known DNA mutation. 24 In brief, a detection primer is designed that does not permit primer extension when the target base is wild type. As a result, primer extension does not occur, labeled nucleotides are not incorporated, and a color reaction is not observed. When the target base is mutated (eg T-A transversion at BRAF T1796), primer extension continues and a strong color reaction is observed. We used as a template 10-ml of PCR products of the 102 bp fragment of BRAF exon 15. The assay was preformed according to the manufacturer's instructions. When we previously compared BRAF detection for a large number of human tumors, we found a 100% correlation between the Mutector s assay and direct sequencing (unpublished results).
As a positive control for the BRAF T1796A mutation, we tested the cutaneous melanoma cell line HTB 72. The cervical cancer cell line ME180, known to be wild type for BRAF at T1796, served as a negative control.
Results
In all, 16 patients with anaplastic thyroid carcinomas were identified through a search of the archival surgical pathology files, and these formed the basis of this study. The relevant clinical, pathologic and genetic features are summarized in Table 1 . Nine of the patients were female and seven were male. The median age was 65 years (mean, 65 years; range, 51-83 years). When further subclassified by the predominant histologic pattern (Figure 1) , six of the anaplastic thyroid carcinomas were giant cell, six were spindled, and four were squamoid. Seven of the 16 anaplastic thyroid carcinomas (44%) were associated with a well-differentiated thyroid carcinoma. In five cases, the well-differentiated carcinoma was papillary thyroid carcinoma (Figure 2a) , and in two cases the well-differentiated component was follicular carcinoma.
BRAF mutations were detected in eight of the 16 (50%) anaplastic thyroid carcinomas. As for the associated well-differentiated thyroid carcinomas, BRAF mutations were detected in four of the five (80%) papillary thyroid carcinomas, but in none of the two (0%) follicular carcinomas. In all eight cases where anaplastic thyroid carcinoma arose in association with a well-differentiated thyroid carcinoma, both components showed the same BRAF profile (100% concordance) (Table1 and Figure 2 ).
Discussion
Thyroid carcinoma is a disease of extremes. The follicular and papillary carcinomas tend to be morphologically well-differentiated, clinically indolent, and readily cured by a combination of surgical resection and radioactive iodine administration. 25 At the other end of the spectrum, anaplastic thyroid carcinoma is morphologically undifferentiated, clinically aggressive, and fatal in most cases notwithstanding hard-hitting multimodality therapy. 1, 2 The relationship between well-differentiated and undifferentiated thyroid carcinoma has long been a point of interest. The current consensus holds that most, if not all, anaplastic thyroid carcinomas arise from a pre-existing well-differentiated thyroid carcinoma. This notion is largely based on the circumstantial evidence that anaplastic thyroid carcinoma is sometimes topographically associated with a well-differentiated thyroid carcinoma. In reported series, anywhere from 8 to 90% of anaplastic thyroid carcinomas are seen in association with a differentiated carcinoma. 1, 3 The direct and casual relationship between well-differentiated and undifferentiated thyroid carcinoma, however, has not been convincingly confirmed at the molecular genetic level. With their complex karyotypes and extensive allelic imbalances, anaplastic thyroid carcinomas show little resemblance to well-differ- entiated thyroid carcinoma, leading some investigators to conclude that anaplastic thyroid carcinomas arise de novo.
5
Like conventional papillary thyroid carcinoma, we found that a significant percentage (ie 50%) of anaplastic thyroid carcinomas also harbor activating point mutations of the BRAF oncogene. Comparative mutational analysis of anaplastic thyroid carcinoma arising in association with well-differentiated thyroid carcinoma was helpful in clarifying the relationship of these distinct components: anaplastic thyroid carcinomas and their paired differentiated carcinomas consistently harbored the same BRAF profile, providing genetic support for the notion that anaplastic thyroid carcinomas arise directly from a pre-existing well-differentiated thyroid carcinoma. Along these same lines, Nikiforova et al 21 noted that BRAF mutations in anaplastic thyroid carcinomas are restricted to those tumors arising in association with BRAF-mutated papillary thyroid carcinomas. While at least some anaplastic thyroid carcinomas do indeed represent dedifferentiation of a differentiated thyroid carcinoma, activating BRAF mutations do not appear to trigger this transformation. In contrast to other important genetic alterations such as p53 inactivation, 9-12 BRAF mutations do not newly emerge in anaplastic thyroid carcinomas arising from well-differentiated carcinomas that do not harbor BRAF mutations. Instead, activating BRAF mutations appear to be a relatively early and stable event in thyroid tumorigenesis.
As a tumor that is often undifferentiated by light microscopy and even by immunohistochemistry, anaplastic thyroid carcinomas are difficult to distinguish from other poorly differentiated tumors in the neck. The distinction between the spindled and giant cell subtypes of anaplastic thyroid carcinoma and high-grade sarcoma is particularly treacherous, and in many such instances the diagnosis of anaplastic thyroid carcinoma is tentatively presumed rather than definitely established using conventional diagnostic techniques.
3 Genetic analysis for BRAF mutations offers much promise as a useful diagnostic tool. In contrast to the high frequency of BRAF mutations in anaplastic thyroid carcinoma, Davies et al 14 detected a BRAF mutation in only one of 182 (0.5%) of the primary sarcomas they evaluated. Moreover, the newly developed Mutector s assay 24 permits automated BRAF analysis that is accurate, objective, and rapid. We previously noted complete concordance when results obtained by the Mutector s assay are compared with those obtained by direct sequencing for a large number of thyroid carcinomas (personal observations). In effect, BRAF mutational analysis is straightforward and amendable to transfer from the research bench to the diagnostic laboratory as a tool to supplement traditional diagnostic methods.
Molecular targeting of tyrosine kinases is rapidly emerging as a novel strategy for treating various human cancers. Indeed, several molecule inhibitors that are specific to individual receptor tyrosine kinases have been developed, and a number of these potential anticancer agents-including inhibitors of key constituents in the MAP kinase pathway-are progressing through clinical trials. 26, 27 Even though papillary thyroid carcinomas frequently harbor BRAF mutations, patients with papillary thyroid carcinoma may have little to Figure 2 Case 16 is seen microscopically as an anaplastic thyroid carcinoma (a, right) arising in association with a papillary thyroid carcinoma (a, lower left). Using the Mutector s assay, the presence of a BRAF mutation, as indicated by a colorimetric change from clear to green, is noted in both tumor components from Case 16; while wild-type BRAF, as indicated by the absence of a colorimetric reaction, is noted in both tumor components from Case 11 (b). The controls used include the ME 180 cervical cell line (wild-type for BRAF), and the HTB 72 melanoma cell line (homozygous for the T-A transversion at T1796). (ATC, anaplastic thyroid carcinoma; PTC, papillary thyroid carcinoma).
BRAF mutation in anaplastic thyroid carcinoma S Begum et al benefit from anti-BRAF therapy. As a group, these patients have an excellent prognosis and respond well to current therapies. At the other extreme, anaplastic thyroid carcinomas do not respond to current therapies and patients with anaplastic thyroid carcinoma almost always die of their disease. Clearly, this small but important subgroup of patients with thyroid cancer would most benefit from novel therapeutic alternatives. Given that anaplastic thyroid carcinomas frequently harbor activating mutations of the BRAF oncogene, therapeutic agents targeting the activated BRAF pathway is one particularly compelling strategy.
